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Flavonoids have attracted great interest due to their possible anticancer activities. Here we investigated
the antiproliferative activity of the flavonoids isolated from Baccharis scandens against human leukemia
cell lines and found that the methoxyflavonoid gardenin B was the most cytotoxic compound against HL-
60 and U-937 cells, showing IC50 values between 1.6 and 3.0 mM, but had no significant cytotoxic effects
against quiescent or proliferating human peripheral blood mononuclear cells. These effects on viability
were accompanied by the concentration- and time-dependent appearance of apoptosis as evidenced by
DNA fragmentation, formation of apoptotic bodies and a sub-G1 ratio increase. Comparative studies with
the best-studied bioflavonoid quercetin indicate that gardenin B is a more cytotoxic and more apoptotic
inducer than quercetin. Cell death induced by gardenin B was associated with: (i) a significant induction
of caspase-2, -3, -8 and -9 activities; (ii) cleavage of the initiator caspases (caspase-2, -8 and -9), of the
executioner caspase-3, and of poly(ADP-ribose) polymerase; and (iii) a concentration-dependent reactive
oxygen species generation. In conclusion, apoptosis induced by gardenin B is associated with activation
of both the extrinsic and the intrinsic apoptotic pathways of cell death and occurs through a mechanism
that is independent of the generation of reactive oxygen species.

© 2016 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Molecular target therapies represent a significant advance in the
treatment of cancer. However, many of them are highly toxic, very
expensive, show limited efficacy and most patients experience
relapse after a few disease-free months. Hence there is an urgent
need to develop new anticancer strategies. Phytochemicals may be
F-DA, 20 ,70-dichlorodihydro-
th; MTT, 3-(4,5-dimethyl-2-
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OS, reactive oxygen species.
ímica y Biología Molecular,
Blas Cabrera Felipe s/n, Las

vez).

erved.
of use because they are better tolerated than synthetic chemo-
therapeutics, exhibit broader mechanisms of action and show
higher affinity against cancer targets [1]. These plant-derived
compounds have been shown not only to exert protective effects
but also have an impact on the cellular hallmarks of cancer,
including, among others, sustained proliferative signaling and
resistance to apoptosis [2].

Flavonoids are naturally occurring biologically active poly-
phenolic compounds that have attracted attention due to their
potential anticancer effects. Some mono- or dimethoxylated fla-
vones, in contrast to their nonmethylated analogues, have potent
biological activity and antiproliferative effects that are selective for
cancer cells, but show low cytotoxic or cytostatic activity in normal
cells [3]. Interest in methoxylated flavonoids is motivated by three
major properties: (i) greater chemopreventive properties than the
unmethylated flavonoids; (ii) high metabolic stability and (iii)
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potentially increased bioavailability [4e6]. Moreover, the
methoxylated flavonoids might pass through biological mem-
branes more easily than the corresponding demethylated (unme-
thylated), due to their higher lipophilicity, allowing them to reach
higher intracellular concentrations. Previous studies have shown
that polymethoxyflavonoids such as 5-hydroxy-6,7,8,30,40-pen-
tamethoxyflavone and 5-hydroxy-3,6,7,8,30,40-hexamethoxy-
flavone showed strong inhibitory activities against the proliferation
and induced apoptosis of the HL-60 cell line [7]. The latter effect,
induction of apoptotic cell death, is recognized as a property that is
useful for identifying anticancer drugs [8].

Previous studies have shown that Baccharis scandens is a source
of flavonoids, including methoxylated derivatives. The naturally
occurring flavonoid gardenin B has been recently assessed for
cytotoxicity against the human colon cancer cell line HCT116 [9]
but, so far, its potential use in antileukemia therapy is largely un-
explored. The main aim of this work is to determine the potential
cytotoxic effects of the polyphenolic compounds isolated from
B. scandens and the pathways of cell death triggered by the natu-
rally occurring flavonoid gardenin B in two human leukemia cells.
HL-60 is an acute myeloid leukemia cell line which was established
from the peripheral blood of a 35-year-old woman with acute
myeloid leukemia (AML FAB M2) in 1976 [10]. The U-937 is a pro-
monocytic, human myeloid leukemia cell line which was isolated
from a histiocytic lymphoma of a 37 year old male [11]. These cell
lines are used in biomedical research and are important tools in the
investigation of cytotoxic compounds as well as in the exploration
of the signal transduction pathways of cell death. We have also
specifically evaluated the activation of the caspase cascade and the
generation of reactive oxygen species.

2. Materials and methods

2.1. Reagents

Baccharis scandensRuiz& Pav Pers. (“Chilca dulce”)was collected
in La Rioja Province, Argentine. The plant was identified by Dr. L.
Ariza-Espinar, Universidad Nacional de C�ordoba, Argentina
(Voucher: Ariza Espinar, L. 7432, Prov. La Rioja, Depto. Vichincha,
Laguna Brava). Dried aerial parts (1200 g) of B. scandens were
extracted with acetone at room temperature (�3). The organic
extract was subjected to flash chromatography on silica gel, eluting
with n-hexane-EtOAc gradient to afford 10 fractions. Each fraction
obtained was monitored by thin layer chromatography
(C6H6edioxaneeAcOH 30:5:1). The analysis of the polar fractions
indicated a mixture of flavonoids, which were separated and puri-
fied by Sephadex LH-20 column chromatography, eluting with
MeOH to furnish the flavonoids: salvigenin (87 mg), gardenin B
(63 mg), xanthomicrol (50 mg) and quercetin (38 mg). Structural
identities of these compounds were determined spectroscopically
(proton nuclear magnetic resonance and 13C nuclear magnetic
resonance, infrared and UV/Visible spectroscopy and mass spec-
trometry) as described previously [12]. Purity of these compounds
was 99.0% as judged by high-performance liquid chromatography.
Stock solutions of 10 mM flavonoids were made in dimethyl sulf-
oxide (DMSO) and aliquots were frozen at �20 �C. The following
antibodies were used according to the manufacturer's instructions:
Bax, rabbit polyclonal; poly(ADP-ribose) polymerase (PARP), mouse
monoclonal; caspase-2, mouse monoclonal; cytochrome c, mouse
monoclonal (BD PharMingen, San Diego, CA, USA); caspase-3, rabbit
polyclonal (Assay Designs, Ann Arbor, MI, USA); caspase-8 and
caspase-9, mouse monoclonal (Enzo Life Sciences, Farmingdale, NY,
USA); Bcl-2, mouse monoclonal (Santa Cruz Biotechnology, Santa
Cruz, CA, USA); b-actin, mouse monoclonal (Sigma, Saint Louis, MO,
USA). Secondary antibodies were from GE Healthcare Bio-Sciences
AB (Little Chalfont, UK). All other chemicals were obtained from
Sigma (Saint Louis, MO, USA).

2.2. Cell culture and cytotoxic assays

The human leukemia HL-60 and U-937 cells were obtained from
the German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany) and cultured in RPMI 1640 containing
2 mM L-glutamine supplemented with 10% (v/v) heat-inactivated
fetal bovine serum as previously described [13]. Human periph-
eral blood mononuclear cells (PBMCs) were isolated from heparin-
anticoagulated blood of healthy volunteers by centrifugation with
Ficoll-Paque Plus (GE Healthcare Bio-Sciences AB; Uppsala, Swe-
den). PBMCswere also stimulatedwith phytohemagglutinine (PHA,
2 mg/ml) for 48 h before experimental treatment. The cytotoxicity of
flavonoids on human tumor and human PBMC cells was analyzed
by colorimetric MTT assay as previously described [13]. Concen-
trations inducing a 50% inhibition of cell growth (IC50) were
determined graphically using the curve fitting algorithm of the
computer software Prism™ 4.0 (GraphPad). In all cytotoxicity as-
says etoposide was included as a positive control.

2.3. Evaluation of apoptosis

The rate of apoptotic cell death was determined by flow cyto-
metric analysis of propidium iodide-stained nuclei and by using an
annexin V-FITC apoptosis detection kit (BD Pharmingen) according
to the manufacturer's protocol. Fluorescent microscopy was also
used to identify nuclear changes associated with apoptosis,
together with DNA laddering on agarose gel electrophoresis.

2.4. Western blot analysis

Immunoblot analysis of caspases, Bax, Bcl-2, cytochrome c and
PARP was performed as previously described [13].

2.5. Assay of caspase activity

Caspase activity was determined by measuring proteolytic
cleavage of the chromogenic substrates VDVAD-pNA (for caspase-2
activity), DEVD-pNA (for caspase-3 like protease activity), IETD-
pNA (for caspase-8 activity) and LEHD-pNA (for caspase-9 activity),
as described previously [13].

2.6. In vitro tubulin polymerization assay

In vitro tubulin polymerization assays were performed as
described by the manufacturer (Cytoskeleton, Inc., Denver, CO).
Briefly, gardenin B was incubated with purified bovine tubulin in
80 mM PIPES buffer (pH 7.0) containing 1 mM GTP, 1 mM EGTA,
1 mM MgCl2, and 10% glycerol, and the increase in absorbance was
measured at 340 nm in a Beckman Coulter DTX880 microplate
reader at 37 �C and recorded every 30 s for 50 min. Taxol (10 mM)
and colchicine (5 mM) were used as positive controls of promotion
and inhibition of tubulin polymerization, respectively.

2.7. Reactive oxygen species determination

The intracellular generation of peroxides and superoxide was
monitored by flow cytometry with the probes 20,70-dichlorodihy-
drofluorescein diacetate (H2-DCF-DA) and dihydroethidium (DHE),
respectively. Cells were treated with or without gardenin B and
H2-DCF-DA (2 mM) or DHE (2 mM) was added to the medium
30 min before the end of incubation with gardenin B. Cells were
irradiated with an argon laser at 488 nm, and fluorescence was



Table 1
Effects of flavonoids isolated from B. scandens on the growth of the human leukemia
cell lines.

Compound IC50 (mM)

HL-60 U-937

Salvigenin 47.1 ± 9.2 10.5 ± 0.3
Gardenin B 1.6 ± 0.7 3.0 ± 1.5
Xanthomicrol 33.9 ± 3.0 15.5 ± 3.1
Quercetin 45.2 ± 5.0 50.9 ± 5.0

Cells were cultured for 72 h and the IC50 values were calculated as described in the
Experimental Section. The data shown represent the means ± SEM of 3e5 inde-
pendent experiments with three determinations in each.
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detected at 525 nm (DCF) and 568 nm (DHE) in the flow
cytometer.

2.8. Analysis of the mitochondrial membrane potential DJm

Cells were treated with gardenin B (3 mM) for different time
periods and incubated with the fluorescent probe 5,50,6,60-tetra-
chloro-1,10,3,30-tetraethylbenzimidazolylcarbocyanine iodide (JC-1,
10 mM) for the last 30 min and flow cytometric analysis was carried
out using a BD FACSVerse™ cytometer (BD Biosciences, San Jose,
CA, USA). As a positive control, cells were treated with 50 mM of the
protonophore CCCP (carbonyl cyanide m-chlorophenylhydrazone).

2.9. Statistical analysis

Statistical significances of differences between means of control
and treated samples were determined using Student's t-test. P
values of <0.05 were considered significant.

3. Results

3.1. Gardenin B inhibits cell viability of human leukemia cell lines

In the present study, the potential cytotoxic properties of the
naturally occurring flavonoids isolated from the plant Baccharis
scandens were evaluated in human leukemia cells (Fig. 1).

Gardenin B was the most cytotoxic compound for human leu-
kemia cells with an IC50 value (the concentration that induces a 50%
inhibition of cell growth) of 1.6 ± 0.7 mM and 3.0 ± 1.5 mM in HL-60
and U-937 cells, respectively (Table 1). The antitumor agent eto-
poside was used as a positive control for both HL-60
(IC50 ¼ 0.5 ± 0.1 mM) and U-937 cells (IC50 ¼ 1.5 ± 0.3 mM). The
methoxy group located at C-8 is essential in conferring cytotoxicity
since gardenin B exhibited a higher potency than salvigenin (5-
hydroxy-6,7,40-trimethoxyflavone). Moreover, the methoxy group
located at the C-40position seems to be essential as well, since the
methylation of the hydroxyl group at position C-40of xanthomicrol
(5,40-dihydroxy-6,7,8-trimethoxyflavone) to produce gardenin B
enhanced the potency against cell growth inhibition. It thus seems
that both C-8 and C-40methoxy groups are the major determinants
Fig. 1. Chemical structures of the flav
of cytotoxicity. Although the polyhydroxylated flavonoid quercetin
showed a similar potency to salvigenin against HL-60 cells, it was at
least 5-fold less potent than salvigenin against U-937 cells and it
displayed lower cytotoxicity than gardenin B in both cell lines
(Table 1).

Treatment with the methoxyflavonoid gardenin B (5-hydroxy-
6,7,8,40-tetramethoxyflavone) resulted in a concentration-
dependent inhibition of cell viability and induced a significant
reduction in the number of cells (Fig. 2A and B). Quiescent and
proliferating PBMCs were more resistant than both HL-60 and U-
937 cells, even at 30 mM of gardenin B (Fig. 2C).

Since gardenin B was the most cytotoxic methoxyflavonoid
against human leukemia cells, further experiments were per-
formedwith this compound. To determine themechanism involved
in gardenin B-induced cytotoxicity, DNA fragmentation, fluorescent
microscopy and flow cytometry experiments were done. As shown
(Fig. 3A), DNA fragmentation (a hallmark of apoptosis) markedly
increased in gardenin B-treated cells. The fluorescent microscopy
experiments using Hoescht 33258 revealed increases in condensed
and fragmented chromatin which is typical of apoptotic cells
(Fig. 3B). Evaluation of the percentage of sub-G1 (hypodiploid) cells
by flow cytometry showed that the percentage of apoptotic cells
increased approximately 7-fold in gardenin B-treated HL-60
compared with control cells (37.7 ± 3.5% vs 5.3 ± 0.9%) after 24 h
exposure at a concentration as low as 3 mM (Table 2 and Fig. 3C).
However, the percentage of hypodiploid cells increased about
twofold in quercetin-treated HL-60 cells but at a concentration
onoids isolated from B. scandens.



Fig. 2. Effect of gardenin B on human leukemia cells viability. (A) Cells were incubated
with vehicle (control) or the indicated concentrations of gardenin B for 24 h and im-
ages were obtained with an inverted phase-contrast microscope. (B) Effect of gardenin
B on cell viability. Cells were cultured in the presence of the indicated concentrations
of gardenin B for 72 h, and thereafter cell viability was determined by the MTT assay.
(C) Differential effect of gardenin B on cell viability of normal peripheral blood
mononuclear cells (PBMCs) versus HL-60 and U-937 cells. Human leukemia, and
quiescent and phytohemagglutinine-activated PBMC cells from healthy human origin
were cultured in the presence of the specified concentrations of gardenin B for 24 h.
Values represent means ± SE of three independent experiments each performed in
triplicate. *P < 0.05, significantly different from the corresponding control.

J. Cabrera et al. / Chemico-Biological Interactions 256 (2016) 220e227 223
tenfold higher (results not shown). Moreover, gardenin B treatment
(3 mM) also led to the exposure of phosphatidylserine on the
outside of the plasma membrane as detected by annexin V-FITC
staining in HL-60 cells (Fig. 3D).

To study the effects of gardenin B on microtubule formation, we
used an in vitro tubulin polymerization assay and monitored the
increase in absorbance of the reaction mixture. The results indicate
that gardenin B did not inhibit tubulin polymerization at any con-
centration assayed. Colchicine and taxol were used as positive
controls of inhibition and promotion of tubulin polymerization,
respectively (Fig. 3E).

To determine whether gardenin B-induced cytotoxicity involves
alterations in cell cycle progression, flow cytometric analyses were
included in this study. As shown in Table 2, gardenin B caused a
significant S and G2-M arrest at the expense of the G1 phase cell
population at 6 h of treatment in a dose-dependent manner. The
percentage of control-treated cells in G2-M phase was ~20%, which
increased to ~30% after treatment with gardenin B for 6 h. A similar
trend in G2-M arrest was observed after 12 h of treatment.

There was also a decrease in the percentage of cells in G1 phase
which was accompanied by an increase in G2-M phase cell popu-
lation at 12 h of treatment, but this effect invariably starting
diminishing with the increase in treatment time (24e48 h) in HL-
60 cells. Moreover, the percentage of hypodiploid cells (i.e. sub-G1
fraction) increased about 5-fold, 7-fold and 10-fold in gardenin B-
treated HL-60 compared with control cells after 12, 24 and 48 h
exposure, respectively (Table 2).

3.2. Effects of gardenin B on mitochondrial cytochrome c release
and on caspases- and PARP-processing

To determine whether gardenin B-triggered apoptosis involves
the activation of caspases, HL-60 and U-937 cells were treated with
increasing concentrations of this flavonoid for 24 h, and initiator
(caspase-8 and -9) and executioner (caspase-3) caspases were
determined by Western blot. As shown in Fig. 4A, gardenin B
stimulated the cleavage of pro-caspase-2, -3, -8 and -9 and
poly(ADP-ribose)polymerase (PARP). Apoptosis induction occurs
via the intrinsic and extrinsic pathways since gardenin B stimulated
the cleavage of inactive pro-caspase-9 to the active 35e37 kDa
fragments and significantly promoted procaspase-8 hydrolysis,
which was detected as a decrease (Fig. 4A). This methoxyflavonoid
also induced pro-caspase-2 cleavage as visualized as a reduction in
the proenzyme. To determine the role of cytochrome c on gardenin
B-induced apoptosis cytosolic preparations were analyzed by
immunoblotting. As demonstrated (Fig. 4A), a significant increase
in cytochrome c in the cytosol was already detected with 3 mM
gardenin B after 24 h. We also investigated the expression of the
Bcl-2 family members which control the intrinsic apoptotic
pathway. As shown in Fig. 4A, gardenin B decreased the Bcl-2 levels
in both cell lines in a concentration dependent manner, although
they were more pronounced in U-937 cells, while there were no
changes in Bax levels.

As processing does not always correlate with activity, enzymatic
activities of caspase-2, caspase-3-like proteases (caspase-3/7),
caspase-8 and caspase-9 were also investigated in HL-60 and U-
937 cells. Cell lysates were assayed for cleavage of the tetrapeptides
VDVAD-pNA, DEVD-pNA, IETD-pNA and LEHD-pNA as specific
substrates for caspase-2, caspase-3/7, caspase-8 and caspase-9,
respectively. As shown (Fig. 4B), a dose-response dependent in-
duction of these caspases was observed after 24 h of treatment. In
HL-60 cells, caspase-2 and caspase-3/7 activities increased 2-fold in
response to gardenin B, while caspases-8 and -9 activities increased
1.7-fold over the control, respectively. Similar results were obtained
in U-937 cells, although caspase-3/7 activity increased 3-fold over
the control and the activation of caspase-8 was higher than
caspase-9 activation.

To explore whether the release of cytochrome c is associated
with mitochondrial membrane potential dissipation, HL-60 and U-
937 cells were treated with gardenin B (3 mM) for different times
(12e24 h), stained with JC-1 and analyzed by flow cytometry. Our
results show that DJm remained intact for at least 24 h of treat-
ment, which suggests that the disruption of the mitochondrial
membrane potential is not involved in the apoptosis induced by
gardenin B. In these experiments, the protonophore CCCP was used
as a positive control (Fig. 4C).

3.3. Gardenin B increases intracellular ROS levels

Generation of intracellular reactive oxygen species (ROS) is
considered one of the key mediators of apoptotic signaling for



Fig. 3. Effects of gardenin B on apoptosis induction in HL-60 and U-937 human
myeloid leukemia cells. (A) Qualitative assessment of apoptotic DNA damage. Cells
were treated with the indicated concentrations of gardenin B and genomic DNA was
extracted, separated on an agarose gel and visualized under UV light by ethidium
bromide staining. (B) Photomicrographs of representative fields of human leukemia
cells stained with bisbenzimide trihydrochloride to evaluate nuclear chromatin
condensation (i.e. apoptosis) after treatment with 3 mM gardenin B for 24 h. (C) Cells
were incubated in the presence of gardenin B (3 mM) and harvested at the indicated
times and subjected to DNA flow cytometry using propidium iodide labeling. Hypo-
diploid cells (apoptotic cells) are shown in region marked with an arrow. (D) Flow
cytometry analysis of annexin V-FITC and propidium iodide-stained cells after treat-
ment with 3 mM gardenin B for the indicated times. Cells appearing in the lower right
quadrant show positive annexin V-FITC staining, which indicates phosphatidylserine
translocation to the cell surface, and negative propidium iodide (PI) staining, which
demonstrates intact cell membranes, both features of early apoptosis. Cells in the top
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many antitumoral agents [14]. Therefore, the redox status of HL-
60 cells treated with gardenin B was monitored by the oxidation-
sensitive fluorescent dye 20,70-dichlorodihydrofluorescein diac-
etate (H2-DCF-DA). A dose- and time-dependent increase in DCF
fluorescence was detected in gardenin B-treated cells (Fig. 5A and
B). A fast generation of ROS was detected at 2 h after treatment
although the highest levels (>2-fold increase compared with con-
trol) were not reached until 10 h (Fig. 5B). For comparison, exposure
to H2O2 (100 mM) was associated with a marked increase in ROS
levels (results not shown). To determine whether gardenin B in-
duces superoxide anion, cells were incubated with dihydroethi-
dium (DHE) which is relatively specific to this free radical and
reacts only minimally to hydrogen peroxide. As shown in Fig. 5C a
slight increase in DHE-derived fluorescence in HL-60 cells was
detected at longer exposure time.

To determine whether the generation of ROS is involved in cell
death induced by gardenin B the effects of the antioxidants N-
acetyl-L-cysteine (NAC, 10 mM), a thiol-containing antioxidant that
is capable of directly inactivating ROS and of inducing the pro-
duction of glutathione [15], were investigated. This antioxidant did
not block cell death as assessed by flow cytometry and by the
trypan blue exclusion method indicating that gardenin B-induced
cell death is independent of ROS production (Fig. 5D and E). Similar
results were obtained with the antioxidants tiron (80 mM) and
trolox (2 mM) (results not shown).
4. Discussion

Previous studies have shown that different analogs of poly-
methoxyflavonoids are cytotoxic to tumor cells [16e21]. However,
little is known about the mechanism by which potent methoxy
flavonoids exhibit their anticancer effects. In this study, we inves-
tigated the potential cytotoxic properties of the flavonoids isolated
from B. scandens against two human leukemia cell lines, HL-60 and
U-937. The antiproliferative studies indicate that gardenin B was
the most cytotoxic compound against both cell lines. Interestingly,
dose-response studies revealed that quiescent PBMC and prolifer-
ating PBMCwere resistant toward gardenin B. This flavonoid was at
least 28-fold and 17-fold more cytotoxic than quercetin against HL-
60 and U-937 cells, respectively. Comparing the cytotoxic effect of
5-hydroxy-6,7,40-trimethoxyflavone and 5-hydroxy-6,7,8,40-tetra-
methoxyflavone against human leukemia cells it is clear that the
presence of the methoxy group at C-8 is crucial in determining
cytotoxicity. And addition, comparison of the effects of 5,40-dihy-
droxy-6,7,8-trimethoxyflavone and 5-hydroxy-6,7,8,40-tetrame-
thoxyflavone on the presence of a methoxy group at 40 suggests a
key role in conferring cytotoxicity. Although the exact target and
binding sites of gardenin B have not yet been determined, the
introduction of additional methyl groups at C-8 and at C-40 could
facilitate penetration through the cell membrane and increase the
cytotoxicity in vitro. Different metabolic pathways in cells and dif-
ferences in compound stability in tissue culture mediummight also
affect cytotoxicity. The cytotoxic effects were accompanied by the
concentration- and time-dependent appearance of apoptosis as
determined by DNA fragmentation, apoptotic bodies visualization
and sub-G1 ratio. Comparative studies with the best-studied bio-
flavonoid quercetin indicate that gardenin B is more cytotoxic and
right quadrant are double positive for annexin V-FITC and PI and are undergoing late
apoptosis. Data are representative of three separate experiments. (E) Gardenin does
not affect the tubulin polymerization in vitro. Purified tubulin protein in a reaction
buffer was incubated at 37 �C in the absence (control) or in the presence of taxol
(10 mM), colchicine (5 mM) or the indicated concentrations of gardenin B and the
absorbance at 340 nm was measured in a microplate reader.



Table 2
Effect of different durations of treatment with gardenin B on cell cycle phase distribution of HL-60 cells.

% Sub-G1 %G1 %S %G2-M

6 h Control 4.9 ± 0.8 36.8 ± 0.5 36.7 ± 0.8 20.5 ± 1.0*
3 mM Gardenin B 12.1 ± 2.6* 13.9 ± 1.0* 43.8 ± 0.4* 28.2 ± 1.7*
10 mM Gardenin B 10.5 ± 1.4* 12.2 ± 0.1* 45.0 ± 1.2* 30.6 ± 1.6*

12 h Control 5.9 ± 1.2 43.8 ± 1.3* 35.1 ± 1.8 14.2 ± 1.4*
3 mM Gardenin B 26.1 ± 4.3* 14.7 ± 1.0* 33.1 ± 2.4 24.0 ± 2.9*
10 mM Gardenin B 25.3 ± 4.6* 12.3 ± 1.2* 34.1 ± 1.6 26.0 ± 3.9*

24 h Control 5.3 ± 0.9 41.6 ± 8.4* 37.0 ± 5.8 12.9 ± 0.2*
3 mM Gardenin B 37.7 ± 3.5* 15.6 ± 1.5* 32.1 ± 2.1 6.2 ± 0.1*
10 mM Gardenin B 36.8 ± 0.6* 13.5 ± 0.8* 34.9 ± 0.1 5.6 ± 0.2*

48 h Control 4.9 ± 0.8 46.6 ± 2.6* 31.9 ± 2.5 15.6 ± 1.0*
3 mM Gardenin B 49.3 ± 0.8* 12.9 ± 1.7* 27.8 ± 1.0 5.2 ± 0.4*
10 mM Gardenin B 53.4 ± 1.4* 9.7 ± 0.9* 26.2 ± 1.1 5.2 ± 0.4*

Cells were cultured with gardenin B for the indicated period of times and the cell cycle phase distribution was determined by flow cytometry. The values are means ± S.E. of
three independent experiments with three determinations in each. Asterisks indicate a significant difference (P < 0.05) compared with the corresponding controls.

Fig. 4. Involvement of caspases in the induction of apoptosis triggered by gardenin B in human myeloid leukemia cells. (A) Cells were incubated with the indicated concentrations of
gardenin B for 24 h and cell lysates or cytosolic extracts were assayed by immunoblotting for the cleavage of procaspases, poly(ADP-ribose) polymerase (PARP), Bax, Bcl-2 and
cytochrome c release, respectively. Numbers below each panel indicate fold differences after normalization to b-actin. (B) Activation of caspases in response to gardenin B. Cells were
treated as above, and cell lysates were assayed for caspase-2, -3/7, -8 and -9 activities. Results are expressed as n-fold increases in caspase activity compared with the control. Values
represent the means ± SEs of three independent experiments each performed in triplicate. *p < 0.05, indicates a significant difference from the untreated control. (C) Cells were
treated with the gardenin B (3 mM) for the indicated times, harvested and DJm analyzed by flow cytometry after staining with the JC-1 probe. Similar results were obtained in two
separate experiments each performed in triplicate. As a positive control, aliquots of cells were stained in the presence of 50 mM CCCP.
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more apoptotic inducer than quercetin. Cell cycle analysis per-
formed in HL-60 cells showed that inhibition of cell viability by
gardenin B was caused by a significant cell cycle arrest at the S and
G2-M phases and accompanied by an increase in sub-G1 fraction
and phosphatidylserine externalization, indicating apoptotic cell
death. This methoxyflavonoid promotes the formation of apoptotic
bodies and the internucleosomal degradation of DNA, resulting in
the formation and eventual release of oligonucleosomal DNA
fragments.

The arrest of cells in the G2-M phase of the cell cycle induced by
gardenin B might be explained by the inhibition of microtubule
formation or by changes in the expression and/or activity of G2-M
cell cycle regulators. Many cytotoxic drugs induce G2-M arrest by
targeting microtubules [22] and some flavonoids have been shown
to perturb microtubules polymerization via tubulin binding
[23e26]. To investigatewhether gardenin B directly targets tubulin,
it was performed an in vitro tubulin polymerization assay with
increasing concentrations of gardenin B and observed that this
methoxyflavonoid did not have any apparent effect on the tubulin
polymerization. In contrast, colchicine and taxol inhibited and
promoted the tubulin polymerization, respectively. However, this
does not exclude the possibility that gardenin B metabolites may
bind tubulin inside the cells. Future studies will be necessary to
determine the effect of gardenin B on G2-M cell cycle regulators
such as the cyclin-dependent kinase-1, cyclin-dependent kinase
inhibitor p21Cip1, B-type cyclin isoforms and cdc25C.



Fig. 5. Gardenin B increases ROS generation in HL-60 cells. (A) Cells were treated with gardenin B for 2 h and the fluorescence of oxidized H2DCF was determined by flow cytometry.
Similar results were obtained from three independent experiments. Cells were incubated in the presence of the indicated concentrations of gardenin B for the indicated time points
and the fluorescence of oxidized H2DCF (B) or DHE (C) was determined by flow cytometry. (D) Lack of apoptosis inhibition by N-acetyl-L-cysteine (NAC, 10 mM) in gardenin B-treated
cells. Cells were preincubated with NAC for 1 h and then treated in the absence or the presence of gardenin B for different times. Apoptosis was quantified by flow cytometry after
propidium iodide staining. (E) Cells were preincubated with NAC for 1 h and then incubated with gardenin B for 24 h and thereafter cell viability was determined by the trypan blue
exclusion method. *P < 0.05 indicates a significant difference from the untreated control.
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Previous studies have shown that monodemethylated pentam-
ethoxyflavones were much more potent apoptotic inducers than
their permethoxylated counterparts [19]. However, little is known
about the caspase activation triggered by gardenin B. Our study
demonstrates that gardenin B-induced cell death was associated
with significant induction of caspase-2, caspase-3, caspase-8 and
caspase-9 activities. Although the protease specificities of human
caspase-2, caspase-3 and caspase-7 largely overlap, with a DEVDYG
consensus cleavage sequence [27], the specific tetrapeptide sub-
strate for caspase-2 VDVAD-pNA was effectively hydrolyzed.
Caspase-2 has been implicated in apoptotic cell death induced by
multiple intrinsic and extrinsic stimuli including DNA damage,
reactive oxygen species and cytoskeletal disruption [28], as well as
in the regulation of the G2-M checkpoint [29,30].

In accordance with the caspase activation experiments, this
flavonoid also induced the cleavage of both initiator caspases
(caspase-8 and -9) and the executioner caspase-3. The DNA repair
enzyme and known caspase-3 substrate poly(ADP-ribose) poly-
merase was also hydrolyzed to the 85 kDa fragment by gardenin B.
The fact that caspase-9 is activated by gardenin B suggests that cell
death is linked with cytochrome c release. Gardenin B also down-
regulates the expression of the anti-apoptotic Bcl-2 but does not
modulate the expression of Bax. Nonetheless, these results do not
exclude the possible involvement of a receptor-mediated mecha-
nism since gardenin B also induces caspase-8 activation which is
essential for the apoptotic response downstream of death re-
ceptors. It would be interesting to investigate in the future the ef-
fect of gardenin B on expression and/or activation of death
receptors, including Fas, tumor necrosis factor 1 (TNFR1) and tumor
necrosis factor-related apoptosis-induced ligand (TRAIL) receptors,
death receptor 4 (DR4) and death receptor 5 (DR5). These receptors
belong to the death receptor subgroup in the tumor necrosis factor
(TNF) receptor superfamily. TRAIL interaction with DR4 or DR5
initiates a caspase-driven apoptotic pathway upon formation of a
Death-Inducing Signaling Complex similar to that induced by Fas-
Ligand/Fas interaction. Several natural products (including flavo-
noids) and also synthetic derivatives have been shown to induce
apoptosis through the expression of DR4 and DR5 and might be
useful in the treatment of TRAIL-resistant tumor cells alone or in
combination with TRAIL [31,32].

Several researchers, including ourselves, have described that
some flavonoid derivatives induce apoptosis through reactive oxy-
gen species production [33,34]. For example, astragalin heptaace-
tate-, tamarixetin- and eupatorin-induced cell deathwasdependent
on ROS generation [13,33,35]. Apoptosiswas induced by 5-hydroxy-
3,6,7,8,30,40-hexamethoxyflavone through reactive oxygen species
production thatdecreasedmitochondrial trans-membranepotential
inhuman leukemia cells [34]. Although the antiproliferative effect of
gardenin B is associatedwith an increase in the intracellular level of
ROS, this did not seem to play a pivotal role in the apoptotic process
since the antioxidants trolox, tiron and N-acetyl-L-cysteine were
unable to block cell death. Similar results were previously obtained
for the flavonoid derivative trifolin acetate which induces ROS, but
this is not necessary to trigger cell death [36]. Nevertheless, the IC50
values for gardenin B were lower than for trifolin acetate in HL-60
and U-937. In conclusion, gardenin B is cytotoxic against human
leukemia cells, blocks proliferation byarresting the cells in theG2-M
phase and is an apoptotic inducer. The cell death triggered by this
methoxyflavonoid was associated with activation of both the
extrinsic and the intrinsic apoptotic pathways.



J. Cabrera et al. / Chemico-Biological Interactions 256 (2016) 220e227 227
Conflict of interest

We declare no conflict of interest.

Acknowledgments

This research was supported by the Spanish MINECO (CTQ2011-
28417-C02-01), cofinanced by the European Regional Development
Fund, CONICET (PIP 2012/2014-00360) and Universidad Nacional
de San Luis (PROICO 2-1412). The authors thank Dr. Olga Burmis-
trova and Mr. F�elix Cabrera for excellent technical assistance and
Instituto Canario de Hemodonaci�on y Hemoterapia for supplying
blood samples.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.cbi.2016.07.016.

References

[1] K.I. Block, et al., Designing a broad-spectrum integrative approach for cancer
prevention and treatment, Semin. Cancer Biol. 35 (2015) S276eS304.

[2] R.M. Mohammad, et al., Broad targeting of resistance to apoptosis in cancer,
Semin. Cancer Biol. 35 (2015) S78eS103.

[3] T. Walle, N. Ta, T. Kawamori, X. Wen, P.A. Tsuji, U.K. Walle, Cancer chemo-
preventive properties of orally bioavailable flavonoids-methylated versus
unmethylated flavones, Biochem. Pharmacol. 73 (2007) 1288e1296.

[4] X. Wen, T. Walle, Methylated flavonoids have greatly improved intestinal
absorption and metabolic stability, Drug Metab. Dispos. 34 (2006) 1786e1792.

[5] P.A. Tsuji, R.N. Winn, T. Walle, Accumulation and metabolism of the anticancer
flavonoid 5,7-dimethoxyflavone compared to its unmethylated analog chrysin
in the Atlantic killifish, Chem. Biol. Interact. 164 (2006) 85e92.

[6] T. Walle, Methoxylated flavones, a superior cancer chemopreventive flavonoid
subclass? Semin. Cancer Biol. 17 (2007) 354e362.

[7] S. Li, M.H. Pan, C.S. Lai, C.Y. Lo, S. Dushenkov, C.T. Ho, Isolation and syntheses
of polymethoxyflavones and hydroxylated polymethoxyflavones as inhibitors
of HL-60 cell lines, Bioorg. Med. Chem. 15 (2007) 3381e3389.

[8] R.G. Panchal, Novel therapeutic strategies to selectively kill cancer cells, Bio-
chem. Pharmacol. 55 (1998) 247e252.

[9] P. Qiu, H. Guan, P. Dong, S. Li, C.T. Ho, M.H. Pan, D.J. McClements, H. Xiao, The
p53-, Bax- and p21-dependent inhibition of colon cancer cell growth by 5-
hydroxy polymethoxyflavones, Mol. Nutr. Food Res. 55 (2011) 613e622.

[10] S.J. Collins, The HL-60 promyelocytic leukemia cell line:proliferation, differ-
entiation, and cellular oncogene expression, Blood 70 (1987) 1233e1244.

[11] C. Sundstrom, K. Nilsson, Establishment and characterisation of a human
histocytic lymphoma cell line (U937), Int. J. Cancer 17 (1976) 565e577.

[12] V.S. Parmar, K.S. Bisht, S.K. Sharma, R. Jain, P. Taneja, S. Singh, O. Simonsen,
P.M. Boll, Highly oxygenated bioactive flavones from Tamarix, Phytochemistry
36 (1994) 507e511.

[13] S. Est�evez, M.T. Marrero, J. Quintana, F. Est�evez, Eupatorin-induced cell death
in human leukemia cells is dependent on caspases and activates the mitogen-
activated protein kinase pathway, PLoS One 9 (2014) e112536, http://
dx.doi.org/10.1371/journal.pone.0112536.

[14] J. Fang, H. Nakamura, A.K. Iyer, Tumor-targeted induction of oxystress for
cancer therapy, J. Drug Target 15 (2007) 475e486.

[15] A. Meister, M.E. Anderson, Glutathione, Annu. Rev. Biochem. 52 (1983)
711e760.

[16] J.J. Lichius, O. Thoison, A. Montagnac, M. Païs, F. Gu�eritte-Voegelein,
T. S�evenet, J.P. Cosson, A.H. Hadi, Antimitotic and cytotoxic flavonols from
Zieridium pseudobtusifolium and Acronychia porteri, J. Nat. Prod. 57 (1994)
1012e1016.

[17] Q. Shi, K. Chen, L. Li, J.J. Chang, C. Autry, M. Kozuka, T. Konoshima, J.R. Estes,
C.M. Lin, E. Hamel, Antitumor agents, 154. Cytotoxic and antimitotic flavonols
from Polanisia dodecandra, J. Nat. Prod. 58 (1995) 475e482.

[18] P. Tuchinda, W. Pompimon, V. Reutrakul, M. Pohmakotr, C. Yoosook,
N. Kongyai, S. Sophasan, K. Sujarit, S.E. Upathum, T. Santisuk, Cytotoxic and
anti-HIV-1 constituents of Gardenia obtusifolia and their modified compounds,
Tetrahedron 58 (2002) 8073e8086.

[19] H. Xiao, C.S. Yang, S. Li, H. Jin, C.T. Ho, T. Patel, Monodemethylated poly-
methoxyflavones from sweet orange (Citrus sinensis) peel inhibit growth of
human lung cancer cells by apoptosis, Mol. Nutr. Food Res. 53 (2009)
398e406.

[20] T. Hirano, K. Abe, M. Gotoh, K. Oka, Citrus flavone tangeretin inhibits leu-
kaemic HL-60 cell growth partially through induction of apoptosis with less
cytotoxicity on normal lymphocytes, Br. J. Cancer 72 (1995) 1380e1388.

[21] I.N. Sergeev, S. Li, J. Colby, C.T. Ho, S. Dushenkov, Polymethoxylated flavones
induce Ca2þ-mediated apoptosis in breast cancer cells, Life Sci. 80 (2006)
245e253.

[22] K.N. Bhalla, Microtubule-targeted anticancer agents and apoptosis, Oncogene
22 (2003) 9075e9086.

[23] J.A. Beutler, E. Hamel, A.J. Vlietinck, A. Haemers, P. Rajan, J.N. Roitman, J.H. 2nd
Cardellina, M.R. Boyd, Structure-activity requirements for flavone cytotoxicity
and binding to tubulin, J. Med. Chem. 41 (1998) 2333e2338.

[24] K. Gupta, D. Panda, Perturbation of microtubule polymerization by quercetin
through tubulin binding: a novel mechanism of its antiproliferative activity,
Biochemistry 41 (2002) 13029e13038.

[25] K. Haïdara, L. Zamir, Q.W. Shi, G. Batist, The flavonoid casticin has multiple
mechanisms of tumor cytotoxicity action, Cancer Lett. 242 (2006) 180e190.

[26] F. Torres, J. Quintana, F. Est�evez, 5,7,30-Trihydroxy-3,40-dimethoxyflavone
inhibits the tubulin polymerization and activates the sphingomyelin pathway,
Mol. Carcinog. 50 (2011) 113e122.

[27] M. Wejda, F. Impens, N. Takahashi, P. Van Damme, K. Gevaert,
P. Vandenabeele, Degradomics reveals that cleavage specificity profiles of
caspase-2 and effector caspases are alike, J. Biol. Chem. 287 (2012)
33983e33995.

[28] S. Kumar, Caspase 2 in apoptosis, the DNA damage response and tumour
suppression: enigma no more? Nat. Rev. Cancer 9 (2009) 897e903.

[29] L. Dorstyn, J. Puccini, C.H. Wilson, S. Shalini, M. Nicola, S. Moore, S. Kumar,
Caspase-2 deficiency promotes aberrant DNA-damage response and genetic
instability, Cell Death Differ. 19 (2012) 1288e1298.

[30] M.J. Parsons, L. McCormick, L. Janke, A. Howard, L. Bouchier-Hayes, D.R. Green,
Genetic deletion of caspase-2 accelerates MMTV/c-neu-driven mammary
carcinogenesis in mice, Cell Death Differ. 20 (2013) 1174e1182.

[31] O. Burmistrova, M.T. Marrero, S. Est�evez, I. Welsch, I. Brouard, J. Quintana,
F. Estevez, Synthesis and effects on cell viability of flavonols and 3-methyl
ether derivatives on human leukemia cells, Eur. J. Med. Chem. 84 (2014)
30e41.

[32] M. Ishibashi, T. Ohtsuki, Studies on search for bioactive natural products
targeting TRAIL signaling leading to tumor cell apoptosis, Med. Res. Rev. 28
(2008) 688e714.

[33] O. Burmistrova, J. Quintana, J.G. Díaz, F. Est�evez, Astragalin heptaacetate-
induced cell death in human leukemia cells is dependent on caspases and
activates the MAPK pathway, Cancer Lett. 309 (2011) 71e77.

[34] M.H. Pan, Y.S. Lai, C.S. Lai, Y.J. Wang, S. Li, C.Y. Lo, S. Dushenkov, C.T. Ho, 5-
Hydroxy-3,6,7,8,30,40-hexamethoxyflavone induces apoptosis through reac-
tive oxygen species production, growth arrest and DNA damage-inducible
gene 153 expression, and caspase activation in human leukemia cells,
J. Agric. Food Chem. 55 (2007) 5081e5091.

[35] F. Nicolini, O. Burmistrova, M.T. Marrero, F. Torres, C. Hern�andez, J. Quintana,
F. Est�evez, Induction of G2/M phase arrest and apoptosis by the flavonoid
tamarixetin on human leukemia cells, Mol. Carcinog. 53 (2014) 939e950.

[36] F. Torres, J. Quintana, J.G. Díaz, A.J. Carmona, F. Est�evez, Trifolin acetate-
induced cell death in human leukemia cells is dependent on caspase-6 and
activates the MAPK pathway, Apoptosis 13 (2008) 716e728.

http://dx.doi.org/10.1016/j.cbi.2016.07.016
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref1
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref1
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref1
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref2
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref2
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref2
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref3
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref3
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref3
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref3
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref4
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref4
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref4
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref5
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref5
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref5
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref5
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref6
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref6
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref6
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref7
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref7
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref7
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref7
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref8
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref8
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref8
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref9
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref9
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref9
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref9
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref10
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref10
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref10
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref11
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref11
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref11
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref12
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref12
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref12
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref12
http://dx.doi.org/10.1371/journal.pone.0112536
http://dx.doi.org/10.1371/journal.pone.0112536
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref14
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref14
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref14
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref15
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref15
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref15
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref16
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref16
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref16
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref16
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref16
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref16
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref16
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref17
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref17
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref17
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref17
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref18
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref18
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref18
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref18
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref18
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref19
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref19
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref19
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref19
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref19
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref20
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref20
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref20
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref20
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref21
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref21
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref21
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref21
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref21
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref22
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref22
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref22
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref23
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref23
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref23
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref23
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref24
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref24
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref24
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref24
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref25
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref25
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref25
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref26
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref26
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref26
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref26
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref26
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref26
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref26
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref27
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref27
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref27
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref27
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref27
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref28
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref28
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref28
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref29
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref29
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref29
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref29
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref30
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref30
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref30
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref30
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref31
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref31
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref31
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref31
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref31
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref31
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref32
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref32
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref32
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref32
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref33
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref33
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref33
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref33
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref33
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref34
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref35
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref35
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref35
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref35
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref35
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref35
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref36
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref36
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref36
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref36
http://refhub.elsevier.com/S0009-2797(16)30290-3/sref36

	Gardenin B-induced cell death in human leukemia cells involves multiple caspases but is independent of the generation of re ...
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Cell culture and cytotoxic assays
	2.3. Evaluation of apoptosis
	2.4. Western blot analysis
	2.5. Assay of caspase activity
	2.6. In vitro tubulin polymerization assay
	2.7. Reactive oxygen species determination
	2.8. Analysis of the mitochondrial membrane potential ΔΨm
	2.9. Statistical analysis

	3. Results
	3.1. Gardenin B inhibits cell viability of human leukemia cell lines
	3.2. Effects of gardenin B on mitochondrial cytochrome c release and on caspases- and PARP-processing
	3.3. Gardenin B increases intracellular ROS levels

	4. Discussion
	Conflict of interest
	Acknowledgments
	Transparency document
	References


